
ARE MASSIVE HALOS BARYON IC?  

ABSTRACT 

Denni s J .  Hegyi 

Department of Physi c s  
Un i vers i ty of Mi chi gan 
Ann Arbor , Michi gan 

The probl ems wi th mas s i ve hal os bei n g composed of baryon i c  
matter are di scussed . Speci fi cal l y ,  a hal o composed o f  ei ther 
gas , snowbal l s ,  �ust and rock s ,  l ow mas s  stars , Jupi ter s ,  dead 
stars or neutron. stars is shown to be unl i kel y .  Hal os coul d be 
composed of bl ack hol es l ess  than 100 M0 i f  they , unl i ke the 
stars i n  thi s  mass range , are extremely effi ci ently  accreti n g  or 
pri mordi al . At present ,  however , parti cl es from supersymmetri c  
theor i es appear to offer the most interesti ng  pos s i b i l i ti e s  as 
the con stituents of hal os . 

I .  I NTRODUCT I ON 

Spi ral gal axi es are surrounded by hal os , l arge amounts of 
sub-l uminous or non -l umi nous matter . These hal os are 
approxi matel y spheri cal in shape and may extend out to 
di stances as far as ten times the opti cal radi u s  of a spi ral 
gal axy .  

The supporti ng  evi dence for hal os i s  qui te compel l i n g .  
U s i n g  dyn ami cal arguments based on the rotati on curves o f  spi ral 
gal axi es , it is poss i bl e  to accurately determi ne  the hal o mass as 
a functi on of gal actic  radi u s .  Al so , a number of i n depen dent 
arguments requ i re that hal os be approxi mately spher i cal . Based 
on the i n formati on avai l abl e about hal os , it is not di ffi cul t to 
show that hal os conta i n  about 10- 100 times the mas s  i n  the di sks  
of  spi ral gal axi es , and con sequentl y ,  conta i n  a s i gn i fi cant 
fracti on of the cosmol ogi cal mass den s i ty .  
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I n  contrast to the defi n i te statements that can be made 
regarding  the exi stence of hal os , very l i ttl e can be sai d  about 
the exact nature of the hal o mas s .  At presen t ,  it appears that 
the most di rect way to determine the compos i ti on of the hal o mass 
is  to show what hal os cannot con tai n .  

In  the present i n vesti gati on we argue th at hal os are not 
composed of baryon s .  Our approach wi l l  be to show the probl ems 
assoc i ated wi th the fol l owi ng  types of baryon i c  matter : gas , 
snowbal l s ,  dust and rock s ,  Jup i ter-l i k e  obj ects , l ow mas s  stars , 
dead stars and neutron star s .  I t  appears very di ffi cul t to avoi d 
the probl ems that we shal l present i f  hal os are baryon i c .  We 
shal l di scuss a model in whi ch it i s  cl aimed,  a pri mordi al hal o 
composed of gas can be converted into J upi ters , and show that i t  
i s  not sel f-con si sten t.  

Though not baryon i c ,  bl ack hol es are a pos s i bl e  con sti tuent 
of hal os . I f  hal os are composed of bl ack hol es they must be 
extremely effi c i ently  accreti ng  or primordi al . Asi de from the 
poss i bi l i ty of effi ci ently accreti ng  bl ack hol es , we expect the 
cosmol ogi cal baryon i c  abundance to be l ow at the time of 
nucl eosynthesi s .  We shal l bri efly di scu ss the current si tuati on 
regardi ng  the observed nucl ear abundances in terms of 
cosmol ogi cal producti on in a l ow baryon den s i ty un i verse . 

One of the earl i est di scus s i on s  of massi ve hal os surroundi n g  
spi ral gal axi es was gi ven by Hohl ( 1 , 2 ) . He found  h i s  model s of 
spi ral di sks to be un stabl e wi th respect to the growth of l on g  
wavel en gth modes , and a s  a resul t ,  the di sks  tended to devel op 
i n to bar-shaped structures wi th i n  about two revol uti on s .  Hohl 
was abl e to stabi l i ze hi s model s by addi n g  a fi xed central force 
whi ch he i denti fied wi th a hal o popul ati on of stars and the 
central core of the gal axy .  Kal naj s ( 3 ) , con s i deri n g  on ly  exact 
sol uti on s  for i n fi n i tely th i n  spi ral di sk s ,  expl ored ways of 
stabi l i zi n g  the i n i t i al ly cool rotati onal state . Perhaps hi s 
most interesti ng  resul t was that by embeddi ng  the spi ral di sk i n  
a uni form den s i ty hal o ,  stabi l i ty coul d b e  obta i ned . 

The possi bi l i ty that spi ral gal axi es mi ght be surroun ded by 
mas s i ve hal os was emphasi zed by Ostri ker and Peebl es  ( 4 ) . U s i n g  
a 300-star gal acti c model they studi ed the i n stabi l i ty o f  spi ral 
structure to the devel opment of bar-l i ke modes . The on set of 
i n stabi l i ty was reached when t, the rati o of the ki neti c energy 
of rotati on to the total gravi tati onal energy , i ncreased to a 
val ue �0 . 1 4 .  From a l i terature survey , the authors concl uded 
that for systems ran g i n g  from fl u i d  Maclaurin  spheroi ds to fl at 
gal act i c  systems wi th 105 stars , the cri ti cal val ue for the on set 
of in stabi l i ty appears to be t � 0 . 14 .  Two di fferent ways were 
suggested to stabi l i ze the sp i ral structure , a hot di sk 
popul ati on wi th radi al orb i ts an d a hot spheri cal hal o .  From a 
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vari ety of arguments , i t  i s  now known that the hal o mass 
di str i buti on is  spheri cal . 

1 5 1  

The strongest observati onal evi dence supporti n g  the 
exi stence of mas s i ve hal os  i s  dynami cal . The rotati on curve of a 
gal axy must sati sfy the cri teri on that i n  equ i l i br i um the 
i nwardl y di rected gravi tational force mu st bal ance the outwardl y 
di rected centri fugal force . Rotati on curves of gal axi es have 
been obtai ned by both opti cal and radi'o techn i ques ( 5- 1 1 ) . Data 
obtai ned on more than 50 spi ral gal axi e s  reveal symmetr i c  
rotati on curves whi ch support the equi l i br i um con d i t i on 

( 1 )  

where Mr i s  the mas s  wi th i n  radi us  r ,  K i s  a con stant rangi n g  
from 2/n for a th i n  di sk  to un i ty for a spheri cal ly  symmetri c  
mass di stri buti on , G i s  the gravi tati onal con stant,  and v i s  the 
c i rcul ar rotati onal vel oci ty at gal actic radi u s  r .  The 
observati on s show that v i s  a con stant indepen dent of r, and ,  as 
may be seen from eq . ( 1 ) ,  Mr � r .  

Beyon d about 50 Kpc i t  i s  di ffi cul t ,  typ i c al l y ,  to observe 
rotati on curves , an d bi nary gal axi es ( 12 , 1 3 )  have been used to 
sampl e the hal o mass di stri buti on at l arge radi i .  Un fortunately 
there are a var i ety of sel ecti on effects whi ch binary gal axi es 
are subj ect to and i t  has not yet been pos s i bl e to untan gl e these 
effects suffi ci entl y to unambi guously interpret the resul ts 
( 14 ) . 

As al ready menti oned , several arguments have been used to 
show that the mas s  di stri buti on of hal os i s  spheri cal ly  
symmetri c .  The  pers i stence of  warps i n  spi ral di sks  ( 1 5 , 16 ) , 
star counts ( 17 ) , an d the scal e hei ght of stars perpendi cul ar to 
spi ral di sks  ( 18 , 19 ) , al l indi cate rel ati vely spher i cal hal os ,  
i . e .  wi th aspect rati os cl ose to un i ty .  

I I .  EV IDENCE AGAI NST NONBARYON I C  HALOS 

Much of the di scus s i on about nonbaryon i c  hal os has been 
presented el sewhere by Hegyi  an d Ol i ve ( 20 ) . Here we shal l 
summari ze parts of that di scu s s i on and ampl i fy other parts . 
Before starti n g ,  however , we defi ne a " s tandard hal o"  whi ch we 
shal l need to eval uate

1
� vari ety of properti es of baryon i c  hal os . 

For th i s  hal o ,  Mr � 10 M0 i n  a radi u s  of 100 kpc . 

Fi rst we cons i der a hal o made of gas . In  a col d gaseous 
hal o ,  parti cl es mov i n g  on radi al orb i ts woul d qu i ckly  col l i de 
wi th other gas parti cl es an d col l apse on a gravi tat i onal 
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timescal e Tc = ( 3n /32Gp ) l/2  � 5x108 yrs . S i nce hal os mu st 
persi st for 1010 years , they must be i n  hydrostati c equ i l i br i um 
and they mu st be hot . Our standard hal o ,  i f  it  wgre gaseou s ,  
requi res an equ i l i bri um temperature of TEQ � 2 x10 ° K  wh i c h  i s  
suffi c i ently hot to viol ate the upper l i mi ts on the X-ray 
background by a factor of 20 . The X-ray emi s s i v i ty i s  sen s i ti ve 
to nHal o • the fracti on of the criti cal den s i ty contai ned i n  hal o .  
We use nHal o > 0 . 05 ( 21 ) .  

A hal o of snowbal l s  wi l l  not be stabl e on a cosmol ogi cal 
timescal e .  Snowbal l s ,  con s i sti n g  primar i l y  of hydrogen , are 
di sti ngui shabl e from Jupi ters because they are bound 
el ectrostati cal l y .  I t  turns out that the bindi n g  energy o f  a 
hydrogen mol ecul e to sol i d  hydrogen i s  suff i c i ently smal l so that 
it eas i l y  escapes , even when the temperature of the snowbal l i s  
at 3° K ,  the temperature of the present cosmi c background 
radi ati on . In fact , hal os must have formed when the temperature 
of the cosmic  background radi ati on was over 7° K ;  si nce hal os  are 
composed of non - i n teracti ng parti cl es and cannot evol ve to h i gher 
dens i ties , they mu st have formed when the den s i ty of the un i verse 
had a den s i ty about equal to the present den s i ty of hal os . 

The argument aga i n st a hal o of snowbal l s  requi res two steps .  
Based on l aboratory measurements on sol i d  hydrogen , i ts vapor 
pres sure at 3° K has been found to be about 9xlo- 12 mm ( 22 ) . Thi s 
i s  hi gh enough so that it  i s  pos s i bl e to show that there i s  no 
equi l i br i um between the sol i d  and gaseous phase of hydrogen . The 
secon d part of the di scu s s i on invol ves the rate at whi ch 
mol ecul es evaporate to reach equ i l i br i um .  The time for 
evaporati on ( 2 3 )  of a H2 mol ecul e (mol ecul es rather than atomic  
hydrogen , wi l l  l eave the snowbal l preferenti al ly  because thei r 
b inding  energy i s  l ower ) i s  

t � [ v  e-b/kT] -1 ev o • ( 2 )  

The evaporati on time i s  the inverse of the product of two terms : 
a Bol tzmann factor whi ch i s  the probab i l i ty of a system attai n i n g  
the escape energy , an d an attempt frequency , the number o f  times 
per second that the system stri kes the barri er .  The reader i s  
referred to ( 20 )  for more detai l s . Here we report that at 3° K ,  
the evaporation ti me per mol ecul e i s  l ess  than 10-8 seconds . 

Next we con si der a hal o composed of dust and rock s ,  i . e .  
metal s .  A hal o made of metal s woul d conta i n  a factor of about 50 
times the mass of the di sk of a spi ral gal axy . The factor of 50 
ari ses as the rati o of nHa1 0/noi sk � .05/ . 001 � 50 . The probl em 
i s  that i f  even a very smal l fraction of the hal o mass mi xed 
wi th the di sk it woul d l ead to a l arge metal abundance in the 
di sk . S i nce the hal o i s  bel i eved to have formed before the gi sk 
and si nce there are di sk stars wi th metal abundances Z � 10- , 
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thi s  impl i es that l es s  than about one part i n  5xlo6 of the hal o 
mi xed wi th the di sk gas . I t  i s  di ffi cul t to bel i eve that the 
hal o coul d be composed of metal s wi thout contaminati n g  the di sk 
at such a l ow l evel . 
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The next poss i bi l i ty that we con s i der i s  a hal o composed of 
l ow mas s  stars or Jupi ters ( 24 ) , that i s ,  obj ects wh i c h  are 
gravi tati onal ly  bound  wi th m � 0 . 08 M0 whi ch do not have h i gh 
enough central temperatures to support nucl ear burn i n g .  By 
mak i n g  observati ons of the surface bri ghtness  of the hal o ,  i t  i s  
pos s i bl e  to set l imi ts on the mas s  i n  l ow mas s  stars . I f  a 
connecti on can be establ i shed between the nucl ear burn i n g  stars 
( M  > 0 . 8M0 ) and the Jupi ters , then by establ i sh i n g  con strai nts on 
the l umi nous porti on of the i n i ti al mas s  functi on , con strai nts 
are simul taneously  set on the non -nucl ear burn i n g  porti on of the 
i n i ti al mas s  functi on . 

To connect the l uminous and non -l umi nou s parts to the hal o 
i n i t . al mas s  functi on , a si ngl e power l aw rel ati on has been 
assumed . The j usti fi cati on for thi s  assumpti on i s  that the 
phy s i cs whi ch affects the l ower mass l i mi t for nucl ear burn i n g  i s  
i n dependent of the phy s i c s  whi ch govern s gravi tati onal col l apse 
and it woul d be a con s i derabl e coi nci dence i f  these two mas s  
scal es coi n c i ded.  Nucl ear burn i n g  depends on the f i n e  structure 
con stan t ,  a, and the stren gth an d range of strong interacti on s 
whi l e  the phy s i c s  of gravi tati onal col l apse depends on a and the 
gravi tati on al con stan t ,  G .  S i nce the assumpti on that the hal o 
i n i ti al mas s  functi on i s  a si ngl e power l aw i s  the strongest 
assumpti on in th i s  manuscr i pt ,  we shal l return to thi s  subject to 
present other supporti n g  evi dence and di scuss the substanti al 
probl ems that mu st be overcome to seri ously con s i der a radi cal ly  
di fferent i n i ti al mas s  functi on , namely  a hal o of  Jupiters wi th 
negl i gi bl e  mas s  i n  nucl ear burn i n g  stars . 

As we shal l show , the mas s-to-l i ght rati o ,  M/L ,  of a hal o i s  
a function of the sl ope of the i n i ti al mass functi on , x ,  and the 
l owest mas s  conden sati on whi ch forms grav i tati onal l y ,  ffimi n • al so 
known as the Jeans mass .  The i n i t i al mas s  functi on i s  defi ned 
by 

"' = Am- { l+x)  'I'm ' ( 3 )  

where <l>m i s  the number of stars per un i t  mas s  per un i t  vol ume of 
the hal o .  In general , A and x wi l l  depend on the mass ran ge 
con s i dered . The total mas s  den s i ty in stars and Jupiters , Pm • i s  

mG 
Pm = J m <l>m dm , ( 4 )  

ffimi n 
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whi ch , us ing  eq . ( 3 )  may be found to be , 

( 5 ) 

Here , mG i s  the mas s  of a gi ant whi ch i s  taken to be mG � 0 . 7 5  Me 
and for the present argument ,  we negl ect the smal l fracti on of 
the mas s  contai ned i n  more mass i ve obj ects . 

U s i n g  the i n i t i al mass functi on , the l umi nosi ty den s i ty of 
the hal o ,  PL • may be seen to be , 

For 

mG 
PL = f Lm �m dm + LG • 

mo 

L = c mD m , 

= Ac [mD-x _ mD-x ] + L PL lJ-X"" G o G , 

( 6 )  

( 6a )  

( 7 )  

where Lm i s  the l umi nos i ty of a star of mas s  m,  and c and D are 
con stants chosen for a parti cul ar spectral ban d .  The l ower l i mi t 
of integration , m0 , i n  eq . ( 6 ) , the l ower l i mi t for nucl ear 
burn i n g ,  has been taken to be m0 � 0 . 08 Me ( 25 ) . The quan ti ty ,  
LG , i s  the l i ght due to gi ants . Si nce observati onal con strai nts 
are avai l abl e i n  the I and K John son spectral bands for the hal o 
of the edge-on spi ral gal axy NGC 4565 we shal l eval uate PL i n  
these bands . The data of Gunn and Tinsl ey ( 26 )  i n  the range 
0 . 08 M0 to 0 .8  M0 have been fi t wi th the power l aw i n  eq . ( 6a ) . 
For the l uminos i ty i n  the I ban d ,  Lm 1 ,  c = 1 . 49 xlo-3 and D = 
2 . 7 1  and ,  correspon d i n gl y ,  for Lm K , ' c = 3 . 12 xlo-2 and D = 2 . 1 1  
where mass i s  expressed i n  sol ar un i ts and i n  each spectral ban d ,  
the l umi nos i ty equal s un i ty for a zero magn i tude star . 

To express the contri buti on of gi ants to the surface 
bri ghtness  we have used the method descri bed in Ti nsl ey ( 27 ) . 
S i nce Ti nsl ey di scussed a metal abun dance Z = .01 , we corrected 
the Ti nsl ey model s using  the cal cul ati on s of Swei gart and Gross 
( 28 ) . F i tting the l ater cal cul ati on s ( for m =  . 7  M0 , Y = . 3 0 )  
for the change i n  mai n  sequence l i fetime as a functi on o f  Z ,  the 
correcti on to the l i fetime was found to be oc exp[ 28 . 6Z - . 286 ] , 
that i s ,  i ncreasi n g  Z i ncreased mai n  sequence l i fetimes . Al so , 
i t  may be seen that th i s  factor i s  equal to un i ty for Z = 0 .0 1 . 
For these cal cul ati on s we have used Z = 10-5 , a val ue appropri ate 
to hal o star s .  Li feti mes for smal l er metal abundances are not 
changed apprec i abl y .  
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To cal cul ate M/L for the hal o of NGC 4565 , we shal l use 
M/L = Pm/P L = om/ol , where om and ol are the proj ected mas s  an d 
l umi nosi ty den s i ty .  I t  i s  necessary to eval uate the proj ected 
hal o mas s  den s i ty in terms of the 21 cm rotati on al vel oc i ty 
253 km/s ( 29 )  an d the maxi mum extent of the hal o ,  Rmax · Thi s  may 
be seen to be 

= � _!  tan- 1 I (
Rm

r
ax )

2 
- 1 om 2irG r 

( 8 )  

a t  gal actic  radi u s  r .  The di stance to NGC 4565 i s  unl i kely to be 
l arger than 24 Mpc , an d si nce the rotati on curve has been 
observed out to 11 . 6  � , Rmax = 81 Kpc . U s i n g  eq . ( 8 )  and eq . ( 7 ) , 
i t  may be seen that M/L for the hal o i s  only  a functi on of x and 
ffimi n · 

We now turn to the observati onal data on the surface 
bri ghtness  of the hal o of NGC 4565 . Data taken wi th the annul ar 
scann i ng photometer ( 30 )  i n  the Kron I ban d has been di scussed by 
Hegyi ( 31 ) , see Fi gure 1 .  That data has been transformed to the 
John son system an d expressed in sol ar uni ts . A l east squares fi t 
to that data u s i n g  the functi onal form ol = a/r + b has been 
performed . ( Thi s functi onal f£rm assumes that Rmax i s  l arge 
compared to r so that the tan - functi on i n  eq . 8 reduces to 
ir /2 . )  A 2o l ower l i mi t to om/ol expressed i n  sol ar un i ts i n  the 
John son I ban d i s  

( 9 )  

Observations i n  the K band have been made by Boughn , Saul son , and 
Sel dner ( 32 )  u s i n g  a choppi ng secondary . Thei r 2o  l ower l i mi t 
i s  

( 10 )  

We shal l now determi ne whether the avai l abl e observati onal 
and theoreti cal con strai nts on x and ffimin  can  accomodate the 
l i mi ts on M/L in eqs . ( 9 )  and ( 10 ) . The strongest con strai n ts on 
x ,  der i ved from the observati on of spectral features ( 26 )  an d the 
i n i ti al mas s  functi on i n  the sol ar nei ghborhood ( 33 )  requi re x ( 
1 at the 2o l evel . Al so there i s  no data i n  con fl i ct wi th x ( 1 .  
Photometri c  data ran g i n g  from gl obul ar cl usters to el l i ptical 
gal axi es can be fi t u s i n g  the weaker con strai nts x ( 1 . 35 , by a 
s i n gl e free parameter , the metal abundance ( 34 ,35 ) . 

Con strai nts on ffimi n • the smal l est mas s  to col l apse 
gravi tati onal ly  ( 36 , 37 , 38 ) , have a l ower l imi t of ) 0 .007 M0 • A 
more recent  cal cul ati on ( 39 )  i n  whi ch new reacti on s to form 
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Fi gure 1 .  The measured surface bri ghtness of the hal o of 
NGC 4565 versus gal acti c radi u s .  Pos i ti on s  C '  an d D' are two 
symmetr i c  scan n i n g  pos i ti on s .  The curve fi tted to the data i s  
the de Vaucoul eur ' s  surface bri ghtness l aw an d the 2o upper l i mi t 
to the data i s  l abel l ed .  [ l  count/scan /arc sec 2 x10-5 i s  
25 . 34 mag IKron · J 

mol ecul ar hydrogen are con s i dered , requi res IDmi n  > 0 . 004 M0 • 
That resul t was found  for opti cal ly  thi n  cl ouds . An 
equal l y  forceful pos i t i on has been presented i n  wh i ch it  i s  
argued that the first obj ects to form have IDmi n  ) 1500 M0 •  

I f  we choose IDmi n  = .004 M0 an d fi nd x to sati s fy the I an d 
K band NGC 4565 observati ons ,  we fi nd x > 1 . 6  an d 1 . 7  
respectivel y .  On the other han d ,  i f  we choose x � 1 and try to 
fi nd  the al l owed range for IDmi n • we fi nd  no sol uti on . I t  i s  not 
pos s i bl e to put enough mass in  the hal o for th i s  x wi thout 
viol ati ng  the sur4ace bri ghtness observati on s .  For x = 1 . 35 , we 
find  IDmi n  < 2x10- at l east a factor of twen ty bel ow the 
cal cul ated l ower l i mi t on IDmi n · These are the probl ems i f  one 
chooses to con s i der a si ngl e power l aw i n i ti al mas s  functi on and 
a hal o of stars and/or J upi ters . 
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There are some observati ons wh i ch have a bear i n g  on our 
assumpti on of whether the i n i ti al mas s  functi on i s  a si ngl e power 
l aw bel ow the nucl ear burn i n g cutoff . Probst and O ' Connel l ( 4 1 )  
argue that the i n i ti al mas s  functi on i n  the sol ar nei ghborhood 
does not even ri se as  steeply as a s i n gl e power l aw for stel l ar 
mas ses l es s  than 0 . 1  M0 • Instead the sl ope turn s over , mean i n g  
that there i s  l i ttl e mass contai ned i n  stars wi th m < 0 . 1  M0 • 
S i nce these resul ts are based on stars wi th sol ar metal 
abun dance , the concl u s i on s  are strengthened for stars wh i ch have 
l ower metal abun dances and whi ch cannot cool as effecti vel y .  

Though we have argued that i t  seems reasonabl e to use a 
power l aw for the sl ope of the i n i ti al mass near 0 . 08 M0 and that 
any pos s i bl e  gravi tati onal con den sati on of smal l er mass woul d 
adhere to the same power l aw ,  l et us now con si der the possi bi l i ty 
that only  Jupi ters formed . As a prototypi cal model , we shal l 
con s i der the model presented at th i s  con ference by Profe5 sor

6 Rees . In  that model , a Jean ' s  mass at recombi nati on , 10 -10  M9 , 
cool s and forms a very th i n  di sk of th i ckness equal to the Jean s 
l ength of a 10-3 Mo condensati on , that i s ,  a Juoi ter . 
Subsequentl y the di sk fragments contri buti ng  108-109 Jupi ters to 
the formation of a hal o of Jupiters . 

There appear to be two l arge- scal e i n stabi l i ti es whi ch the 
di sk must avoi d i f  Jupi ters are to form : the tendency of the 
di sk to form a bar , and the in stabi l i ty of a cool di sk to form 
mas s i ve conden sati ons whi ch are a si gn i fi cant fracti on of the 
total di sk mas s  ( 42 ) . We shal l di sucss the second i n stabi l i ty 
u s i n g  the Toomre stabi l i ty cri ter i on .  

The bas i c  ki nemati c cri teri on for stabi l i ty i s  that the time 
for a bl ob of materi al to orb i t  the di sk , torb • shoul d be l on ger 
than the ti me for a pres sure wave or sound wave to cross the 
di sk , t5 • Wri ti ng torb � r/v and t5 � r/c5 , we have 

torb > ts 

l eadi ng  to 

r/v > r/c 5 

or 

V < Cg • 

( 1 1 )  

( 12 )  

( 1 3 )  

Thi s i s  the condi ti on that,  for stabi l i ty ,  the orbi tal vel oc i ti e s  
b e  l ess  than the i n di v i dual particl e vel oci ti es . Addi n g  the 
dynami c s ,  namelYi in equi l i bri um ,  the fol l ow i n g  con di ti on for 
ci rcul ar moti on mu st be sati sfi ed ,  
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v2/r = GM/r2 • 

For a di sk wi th mass per un i t  area , a, M - r1 ar2 , then 
substi tuti ng  for M in eq . ( 14 )  and mul ti plyi n g  by r ,  we have 

v2 
= JTGcrr • 

Substi tuti ng  thi s  resul t into eq . ( 1 3 )  l eads to 

JTGcrr < cs2 

( 14 )  

( 15 )  

( 16 )  

The speed of sound i s  cs2 - KT/mp · Al so , from the Jeans mas s  
condi ti on we have 

GMJ /rJ - KT/mp • 

where MJ i s  the Jeans mass and rJ i s  the Jeans l ength . 
Substi tuti ng  eq . ( 17 )  i nto eq . ( 16 ) , it may be seen that 

JTGcrr < cs2 - GMJ /rJ 

or 

( 17 )  

( 18 )  

( 19 )  

I f  we wri te the th i ckness of the di sk , t ,  i n  terms of the radi u s  
o f  the di sk , r ,  then t = er . Wi th t � rJ a n d  M - 1Tar2 , we have 

( 20 )  

Frgm the numbers requi 3ed by the model , ghat i s ,  di v i d i n g  a 
10 M0 object into 10- M0 objects or 10 J upi ter s ,  i t  may be 
seen that the rati o t/r requi red for a gi sk of

4
th i ckness equal to 

the Jeans l ength of a Jupi ter i s  - 110- = 10- • U s i n g  th i s  
val ue for c on the l eft hand si de o� eq . ( 20 )  y i el ds -10 M0 , 
wh i l e  the des i red Jeans masa i s  10- M0 • The i nequal i ty i s  not 
sati sfi ed by a factor of 10 • That i s ,  such thi n  di sks  are 
unstabl e and form -10 M0 obj ects , not Jupiters . An al tern ati ve 
i n terpretati on i s  that a di sk whi c h  is hot enough for stabi l i ty 
i s  too hot to al l ow l ow mass gravi tati onal condensati ons to 
devel op . 

The hal o cannot be made of stars whi ch have an i n i ti al mas s  
greater than 2 M0 • Such stars ei ther evol ve to whi te dwarfs wi th 
mass � 1 . 4 M0 ( 4J )  or to neutron stars whi ch al so , coi nc i dentl y ,  
have mas ses � 1 . 4 M0 • Tayl or and Wei sberg ( 44 )  have foun d  two 
neutron stars wi th mas ses of 1 . 4 M0 to wi th i n  1% and al l other 
neutron star mass determi nati on s are con s i stent wi th 1 . 4  M0 • 
Con sequently , any star wi th i n i t i al mas s  greater than 2 M0 must  
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l ose 40 per cent of i ts mas s  dur i n g  evol uti on . The ej ected mass 
cannot be hot because of previ ous arguments and i t  cannot cool 
an d fal l in the di sk because there i s  too much mass to be 
contai ned . Al so , since a si gn i fi cant fracti on of the mass of the 
evol ved stars , > 10% , mi ght be expected to be converted into 
hel i um an d metai s  duri n g  evol uti on , probl ems simi l ar to those 
rai sed by metal l i c hal os coul d be presen t .  

Though bl ack hol es do not have a wel l defi ned baryon number , 
we shal l bri efly con si der them because i f  hal os are not baryon i c ,  
they are evi dently ei ther composed of bl ack hol es or some weakly 
or very weakly i n teracti n g  parti cl es ( see revi ew by Joel Primack 
in th i s vo 1 ume ) • 

I t  appears unl i kely that many bl ack hol es i n  the mass range 
1-50 Me formed in the hal o .  Stars in thi s  mass range eject a 
con s i derabl e fracti on of thei r mass . Unl ess the bl ack hol es can 
accrete vi rtual ly  al l the i r  ej ecta , probl ems simi l ar to those 
wi th metal l i c  hal os ari se . Bl ack hol es wh i c h  are more mas s i ve 
than 100 Me appear to be excl uded by new observati on s ( 45 ) , 
though they need to be con fi rmed . Thus , hal os coul d be composed 
of bl ack hol es i n  the mas s  range �50- 100 Me ( 46 )  or they coul d be 
primordi al . 

Argu i n g  by el i mi nati n g  spec i fi c  baryon i c  forms of matter i s  
not the most persuasi ve way to argue that hal os are not baryon i c ,  
but , unfortunatel y ,  we are unabl e to present a forceful pos i t i ve 
argument el imi nati n g  baryon s di rectl y .  In th i s  context , i t  i s  
worth con s i deri ng the con strai nts that primordi al nucl eosynthes i s  
pl aces on baryon i c  hal os , though we admi t that there are stron g 
assumpti ons impl i c i t  i n  the nucl eosynthes i s  cal cul ati on s .  

I n  thi s  context , we shal l take the simpl est poi nt of vi ew ,  
namel y ,  that al l the dark matter i n  hal os and ri ch cl usters i s  
ei ther al l baryon i c ,  or not baryon i c  and see whi ch concl usi on , i f  
any , the nucl ear abun dances favor . 

A l ower l imi t to the mass fracti on of the cl osure den s i ty i n  
baryon s ,  nb , may b e  obtai ned from the l umi nous matter i n  gal axi es 
and coul d be as l ow as .001 . The thermal X-ray fl uxes from 
cl uster s of gal axies yiel d hi gher baryon abundances but do not 
excl ude nb � . 001 . On the other han d i f  al l the dark matter were 
baryon i c ,  the mass conten t of hal os and rich  cl usters woul d 
requi re a l ower l i mi t for the baryon i c  abundances to be , 
% � 0 . 1 .  

The deuter i um abundance of �l xlo-5 by mass does not favor 
ei ther h i gh or l ow baryon abundances . There are probl ems wi th 
both ranges . However , the deuteri um abuadance may not be wel l 
known ( see Audouze th i s  vol ume ) . The He abun dance i s  presentl y 
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observed to be i n  the range Y � . 22- . 25 ( 47 ) .  S i nce an observed 
hel i um abun dance is an upper l i mi t on the primordi al abun dance , 
an d si nce nb � . 1  requires Y � .26 , the hel i um observati on s 
favor a l ow baryon abundance . The observed Li 7 abundance ( 48 )  
i s  con s i stent wi th two abundance ranges , nb � . 001 - . 003 and 
nb � . 01 - . 02 .  I t  appear s i ncon si stent wi th nb � . 1 . Taken 
together , the abundance data favors a l ow baryon abundance ( 49 ) . 
A key test of the cosmol ogi cal baryon abundance wi l l  be a new 
measurement of the primordi al hel i um abundance whi ch i s  
independent of the poss i bl e  systemati c  effects i n  the present 
spectroscopi c  measurements . 

' 

I woul d l i ke to thank G .  Wi l l i am Ford , Marti n Rees , Al ar 
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